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On the ubiquity of helical α-synuclein tetramers  
Liang Xu a, Shayon Bhattacharya a and Damien Thompson a* 
The experimental finding that α-synuclein (αS) occurs physiologically as a helically folded tetramer begs the question: why 
are helical tetramers the most populated multimers? While the helical tetramer is known to resist aggregation, the 
assembly mechanism of αS peptides remains largely unknown. By rationally designing a series of helical multimers from 
dimer to octamer, we characterized the free energy landscape of wild-type and mutated multimers using molecular 
dynamics computer simulations. Competition between supramolecular packing and solvation results in well-hydrated 
dimers and trimers, and more screened pentamers to octamers, with the helical tetramer possessing the most balanced 
structure with the lowest activation energy. Our data suggest that familial mutants are very sensitive to alterations in 
monomer packing that would in turn raise the energy barriers for multimerization. Finally, the hypothesis that the αS 
tetramer forms a soluble, benign “dead end” to circumvent aggregation is supported by its computed very weak 
association with negatively charged cell membranes. 
Introduction 
One of the pathological hallmarks of Parkinson’s disease (PD) is 
abnormal aggregation of α-synuclein (αS) protein.1, 2 The 
physiological state of αS is thought to be a dynamic equilibrium 
between natively unfolded monomers prone to aggregation3, 4 and 
helically folded tetramer and other multimers that resist 
aggregation.5, 6 The effects of mutations on the stability of αS 
tetramers have been systematically examined. Familial mutations of 
PD such as E46K, H50Q, G51D and A53T have been observed to 
destabilize α-helical tetramers and thus induce neurotoxicity and 
inclusions.7 Missense mutations in αS conserved KTKEGV repeat 
motifs were also found to block tetramer formation and cause PD-
like neurotoxicity.8 In addition, αS E→K mutations (E35K, E46K, and 
E61K) could individually or collectively destabilize αS multimers and 
induce monomer aggregation at membranes to form vesicle-rich 
inclusions.9, 10 Recent studies also showed that glucocerebrosidase 
1 (GBA1) deficiency may lead to the destabilization of αS 
tetramers.11  
In the presence of sodium dodecyl sulfate (SDS) micelles (for 
example, PDB ID: 1XQ8), αS adopts a broken α-helical structure 
with residues Val3–Val37 and Lys45–Thr92 forming two curved α-
helices.12 An alternative extended α-helix conformation for αS has 
also been detected on membrane surfaces.13-15 In a previous study, 
we rationally designed a broken αS tetramer with residues Val3–
Val44 and Lys51–Thr92 forming two α-helices, which is predicted to 
be more stable than the SDS-bound conformation in aqueous 
solution.16 αS and βS tetramers were optimized by tight packing of 
their hydrophobic non amyloid-β component (NAC) regions 
(residues 61–95 for αS and 61–84 for βS).16 Our computational 
study revealed that quadruple mutant (E46K + H50Q + G51D + A53T) 
could raise the energy barrier to tetramerization,16 consistent with 
the experimental finding that this familial mutant decreases the 
tetramer:monomer ratio.7  
Here, we are aiming to tackle another relevant question: why are 
αS helical tetramers the most populated state compared with 
alternative low molecular weight multimers? To address this 
question, we need to construct different multimers in a consistent 
way, and these multimers should have relatively low 
conformational energy. The finding that most homomers have 
nearly perfect structural symmetry simplifies the modeling and 
design of homomeric assemblies,17 and cyclic symmetries seem to 
be the basic building blocks for de novo design of self-assembling 
proteins such as water-soluble α-helical barrels18 and helical 
bundles with high thermodynamic stability.19 In this work, we 
computationally designed different αS multimers from dimer to 
octamer with Cn (where n = 2 to 8) symmetry (Figs. 1 and 2) using 
the symmetric protein-protein docking method.20 The 
thermodynamic stability of both wild type (WT) and quadruple 
mutated (E46K + H50Q + G51D + A53T) multimers was 
characterized. In addition, the activation energy was calculated for 
each multimer, to predict the energy difference between the active 
state that corresponds to the conformation attained by a monomer 
when bound in a stable multimer and the free monomeric state. 
While the conformational stability of αS multimers increases 
linearly with the number of monomers, our data predicts that 
assembly of αS multimers proceeds through multiple energy 
barriers, for which the tetramer shows the lowest activation energy, 
which may explain its ubiquity.  
Materials and methods  
The helical αS monomer designed in our previous work16 was 
used as the building unit to construct helical multimers spanning  
dimers to octamers. The initial helical multimeric structures 
containing NAC regions with Cn symmetry were obtained using the 
M-DOCK server (http://zdock.umassmed.edu/m-zdock/).20 We 
randomly chose one structure from the top ten predicted structures. 
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Each full-length helical multimer was modelled by adding an 
unstructured C-terminal. Four familial mutations (E46K, H50Q, 
G51D and A53T) were introduced simultaneously in each monomer, 
resulting in different mutated helical multimers. The packing of NAC 
in each multimer before and after simulations is shown in Fig. 1 and 
Fig. S1 in ESI†. The initial conformations of all helical multimers are 
shown in Fig. 2. 
 
 
Fig. 1. Designed αS NAC multimers from dimer to octamer in side and top views 
at the start of the simulations (after minimization and equilibration) (A) and after 
200 ns of unconstrained dynamics in water (B). Computed conformations of NAC 
in mutants are shown in Fig. S1 in ESI†.  
 
Fig. 2. Designed full-length αS multimers from dimer to octamer in side and top 
views at the start of the simulations (after minimization and equilibration). 
Conformations of full-length αS multimers after MD simulations are shown in Figs. 
S2 and S3 in ESI†. αS structures are shown in cartoon representation coloured by 
chain.  
All protein structures were represented by the CHARMM36m 
force field,21 and the corresponding modified TIP3P water model 
was used to solvate the protein structure. MD simulations were 
conducted using GROMACS-5.0.4 software.22 Each structure was 
solvated in a water box, with any protein atom at least 15 Å from 
the box edge, and salt ions were added to neutralize formal charge 
with an additional 0.15 M NaCl to represent physiological ionic 
strength. MD simulations were conducted at 310 K and 1 atm. The 
temperature was maintained using a velocity rescaling 
thermostat,23 and the pressure was controlled by the Parrinello-
Rahman coupling method.24 The short-range van der Waals and 
electrostatic interactions were truncated using a cut-off of 12 Å, 
and the long-range electrostatics treated using the particle mesh 
Ewald (PME) method. Each system was first subjected to energy 
minimization, followed by two stages of equilibration with 
positional restraints on the heavy atoms of the protein structure: 
100 ps at constant volume followed by 100 ps at constant pressure 
at 310 K. A time step of 2 fs was applied with the LINCS algorithm. 
Production dynamics were then performed at constant pressure 
without any positional restraints, with the trajectory saved every 10 
ps. The production run for each system is 200 ns, and the 
convergence of each simulation was validated by convergence in 
the fraction of native contacts (Fig. S4 in ESI†), number of water 
molecules, SASA, and water excluded volume (Fig. S5 in ESI†). 
The conformational energy was calculated via the Generalized 
Born using Molecular Volume (GBMV) implicit solvent model 
implemented in the CHARMM (v40b2) program.25 The single point 
energy was calculated after 200-step minimization of each 
conformation using the GBMV II algorithm.26-28 Other energy terms 
including bonded energy, van der Waals energy, electrostatic 
energy, and solvation energy were also obtained with the GB 
implicit solvent model. The block average method was used to 
estimate the mean values and standard deviations over the last 20-
ns of dynamics for each system. 
To gauge the tendency of the tetramer to shift between 
solvated and membrane-bound states, the helical tetramer was 
placed on the surface of a negatively charged membrane of 1-
palmitoyl-2-oleoyl-sn-glycero-[3-phospho-L-serine] (POPS) lipids 
used in experimental studies.29, 30 Two simulations were performed, 
with minimal starting distances between protein and membrane of 
5 Å and 15 Å. The initial conformation of POPS bilayer was 
generated using the CHARMM-GUI web server, 31 and represented 
by the CHARMM36 force field. The solvated POPS bilayer was first 
energy minimized and equilibrated under the same conditions (0.15 
M NaCl, 310 K and 1 atm), which was then used to simulate the 
tetramer-membrane interactions using  GROMACS-5.0.4 software.22 
Results and discussion 
Multimer with initial NAC contacts is more stable. We constructed 
different αS multimers using the design rule of direct NAC contacts 
restrained by Cn symmetry in the starting structures. The αS NAC 
region is crucial for the determination of fibril fold,32 and the 
formation of stable helical tetramers.16 To test if multimers 
generated in this way could be more stable than alternative 
geometries, we first compared the relative stabilities of αS tetramer 
without initial perfect C4 symmetry designed in our previous work16 
and the C4 tetramer designed in this work. Note that both 
tetramers have direct NAC contacts between neighboring 
monomers, and the symmetry was not preserved during 
simulations (Fig. 1B). We found overlapping time-averaged 
conformational energies of -11115 ± 11 and -11122 ± 3 kcal/mol, 
respectively (Fig. S6 in ESI†). Next, we designed an alternative 
octamer structure containing one pentamer with C5 symmetry and 
one trimer with C3 symmetry but no direct NAC interactions 
between them (Fig. 2). We found that both octamers form well-
equilibrated structures (Figs. S7 to S9 in ESI†). The octamer without 
the initial NAC contacts is penalized by +61 ± 19 kcal/mol, indicating 
that initial NAC contacts between neighboring monomers are 
important to stabilize αS octamers. Hence, cyclic symmetry and 
hydrophobic contacts between adjacent NAC regions provides a 
convenient way of rapidly generating stable αS structures. 
 
Linear dependence of conformational energy and binding energy 
on the number of monomers in αS multimers. Our simulations 
indicate assembly without significant conformational 
rearrangements, as evidenced by computed linear dependence of 
conformational energy and binding energy on number of 
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monomers in αS multimers. Fraction of native contacts33 tracked 
convergence of the MD simulations (Fig. S4 in ESI†). Both WT and 
mutant αS tetramers maintain a relatively high fraction of native 
contacts compared to other helical multimers. Most multimers 
kept >90% of their initial helicity, except the WT helical dimer that 
lost 20% helicity (Fig. S10 in ESI†), consistent with the general 
finding that multimerization stabilizes αS helical structures.16, 34  
 
Fig. 3. Conformational energy (A), binding energy calculated using single 
trajectory (B), and activation energy (C). Horizontal axis number n indicates 
growth from monomer to octamer. Linear fits shown in panels A and B and lines 
connecting activation energy values in panel C are guides to the eye. Binding 
energy calculated using separate trajectories is shown in Fig. S12 ESI†. 
An excellent linear relationship was found between the 
conformational energy of the multimer and its number of 
monomers (Fig. 3A, and Fig. S11 in in ESI†), indicating that assembly 
of αS multimers should be thermodynamically favorable, and 
increase in direct proportion to monomer concentration. This 
finding is supported by the binding energy calculated using the 
single and separate trajectory methods (Fig. 3B and Fig. S12 in ESI†). 
In the single trajectory method, only the multimer trajectory was 
used to calculate the binding energy, which is the energy difference 
between the multimer and its multiple building monomers. We also 
calculated the binding free energy using the separate trajectory 
approach, to map alternative routes to formation of a multimer. For 
instance, an octamer could be formed by assembly of eight 
monomers simultaneously or by assembly of a preformed pentamer 
and a trimer. As discussed above, assembly of eight monomers 
through tight supramolecular packing of their hydrophobic NAC 
regions leads to a more stable octamer. Consistent with this result, 
we found that the strongest binding affinity was obtained for the 
energy difference between the multimer and free monomers. The 
binding affinity also increases linearly from dimer to octamer (Fig. 
S12 in ESI†) and no significant alterations were observed in the 
helical structures of the assembling monomers. The above results 
collectively suggest that the formation of αS multimers is more 
likely to follow the conformational selection mechanism than the 
induced fit model.35 
 
αS tetramers have the lowest activation energy. The most 
important finding of this work is that αS tetramers have the lowest 
calculated activation energy (Fig. 3C). The thermodynamic 
predictions, by themselves, indicate that assembly of helical αS 
multimers ought to proceed smoothly, and should not stall at 
helical tetramers as suggested by experimental data.5, 6 To reconcile 
this apparent contradiction, we estimated the activation energy at 
each stage by computing the average energy difference between 
the conformational energy of monomer in bound and free state, 
reflecting the average energy barrier for assembly.16 Although there 
is no direct experimental data to compare, activation energy values 
for αS nucleation and fibril elongation process have been reported 
in the range of 17 to 20 kcal/mol.36, 37 The activation energy of lipid-
induced nucleation and elongation has also been reported at about 
27 kcal/mol.38 Smaller activation energy is expected for 
multimerization since it does not involve significant conformational 
transition as occurs in fibril elongation when an unfolded monomer 
transforms into an aggregation-competent folded intermediate.  
  The change in the calculated average activation energy with 
number of monomers is shown in Fig. 3C. The helical tetramer has 
the lowest activation energy among all the multimers investigated 
in this study (Fig. 3C), which provides an explanation for why the 
tetramers are the most populated species observed experimentally. 
Pentamers, hexamers, heptamers, and octamers are 
thermodynamically stable, but the higher energy barriers indicate 
that their assembly could be kinetically unfavorable. The finding 
that helical dimers and trimers have higher energy barriers than 
tetramers suggests that the formation of a helical nucleus is 
kinetically unfavorable, but once the assembly of a dimer succeeds, 
the assembly should proceed to tetramer.  
The spread of activation energies for each monomer within a 
specific oligomer suggests that αS assembly may proceed through 
multiple energy barriers (Fig. 4). The conformational energy of 
individual monomers within different oligomers is shown, and the 
conformational energy of free monomer is also included for 
comparison. For example, there are five and four monomers that 
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have different activation energies higher than the average 
activation energy in the WT and mutated octamer, respectively (Fig. 
S13 in ESI†). The existence of many energy barriers and thus many 
rate-limiting steps has also been observed for the assembly of 30S 
ribosomal subunit.39 The finding that quadruple tetramer mutant 
has average activation energy comparable with that of the WT 
tetramer is consistent with experimental evidence of the formation 
of both the WT and mutated tetramers. However, the tetramer 
mutant seems to be more sensitive to the supramolecular packing 
modes by which the monomers interlock. The mutant with our 
previously designed tetramer structure16 is much less stable than 
the present high-symmetry structure (-11424 kcal/mol vs. -11526 
kcal/mol, Fig. S6B in ESI†), indicating that conformational change 
could have a significant effect on the thermodynamic stability of the 
tetrameric mutant under the same experimental conditions (the 
WT structures do not show this sensitivity, Fig. S6A in ESI†). We also 
found that the average activation energy in the pentamer and 
hexamer mutants is higher than their corresponding WT multimers 
(Fig. 3C), implying that these mutations could also decrease the 
amount of helical pentamers and hexamers. By contrast, heptamer 
and octamer seem not sensitive to the mutants as the activation 
energy is comparable to or even lower than their WT multimers. 
 
 
Fig. 4. Conformational energy of individual monomers in different WT multimers. 
The conformational energy of the free monomer is shown for comparison. The 
corresponding values for mutated multimers are shown in Fig. S12 in ESI†. 
Given the conformational flexibility of αS proteins,40, 41 it is 
instructive to consider the effects of the initial helical 
conformations on two major findings presented above. First, we 
showed that the present helical tetramer with the initial C4 
symmetry is iso-energetic with a less symmetric structure16 because 
both tetramers have optimal hydrophobic contacts initially (Fig. S6A 
in ESI†). However, the present tetramer with the initial C4 
symmetry has smaller activation energy (8 kcal/mol) than the less 
symmetric tetramer (25 kcal/mol). On the other hand, the octamer 
consisting of one preformed pentamer and one preformed trimer is 
less stable than the octamer consisting of eight monomers with 
direct contacts (Fig. S8 in ESI†). To further test the effect of initial 
symmetry on the stability of helical multimers, we carried out MD 
simulations on a different trimer taken from our previous 
tetramer.16 This trimer has no C3 symmetry but similar initial NAC 
contacts (Figs. S14 in ESI†). We found that this WT trimer is as 
stable as the one with C3 symmetry shown in Fig. 1A (Fig. S15 in 
ESI†), confirming that the hydrophobic packing is more determinant 
for the stability of helical multimers than their initial symmetries. 
The average activation energy for this WT trimer is about 31 
kcal/mol, higher than the trimers with an initial C3 symmetry (24 
kcal/mol, Fig. 3C). This result is consistent with the discussion on 
the tetramers built with and without C4 symmetry, suggesting that 
the initial cyclic symmetries could lead to helical multimers with 
lower activation energies. To test the reproducibility of our results, 
we conducted 200-ns MD simulations on the WT helical tetramer 
and hexamer with the same initial C4 and C6 symmetry but a 
different initial velocity distribution, and only very small difference 
in stability (conformational energy varies <0.5%; Table S1 in ESI†).  
 
Helical tetramers have better balanced protein-protein and 
protein-water interactions. We can explain the preponderance of 
tetramer multimers by the calculated optimized balance between 
monomer packing and solvation in helical tetramers. Assembly of 
helical αS proteins involves interplay of protein-protein and protein-
water interactions. Water molecules need to be expelled from the 
core of hydrophobic NAC regions, along with the rearrangement of 
peptides to minimize the energy of the resulting multimer 
structures. The calculated number of water molecules, solvent 
accessible surface area (SASA), and water excluded volume all imply 
that multimerization expels water molecules from the NAC regions 
(Fig. S5 in ESI†). For example, the number of water molecules 
within 3.5 Å of multimeric NAC regions quickly decreases during the 
first 100-ns of molecular dynamics. Similar behavior was also found 
in the calculated SASA and water excluded volume. Helical dimers 
and trimers generally have more surface area exposed to solvent, 
resulting in a larger solvent excluded volume than other multimers. 
On the other hand, helical pentamers to octamers have less or 
comparable hydrated water, SASA, and water excluded volume 
compared with helical tetramers (Fig. S5 in ESI†). At equilibrium, 
pentamers and octamers have less hydrated water molecules near 
each NAC region than tetramer (Fig. S16 in ESI†). A few dynamic 
water molecules were found near residues 77–95 of the NAC 
regions, but few water molecules were trapped near residues 67–
76 of the NAC regions, indicating that no water channel was formed 
in the whole NAC regions of all multimers (Fig. S17 ESI†). 
The trapped water molecules may affect inter-monomer 
contacts. Too much exposure to the solvent in the cases of dimers 
and trimers would lead to large structural fluctuation driven by 
water dynamics,42, 43 whereas less hydrating water suggests 
stronger inter-peptide interactions as the driving force for assembly 
of helical pentamers to octamers. To test if pentamers to octamers 
have enhanced inter-peptide interactions, we calculated the pair 
interaction energies among all NAC regions and full-length 
monomers within each multimer (the solvent effect was modelled 
with constant dielectric), and results are shown in Fig. 5 and Fig. 
S18 in ESI† for the WT and mutated multimers, respectively. 
Compared with the pair interactions in dimer (Fig. 5), tetramer has 
one stronger pair interaction, pentamer and hexamer each has four, 
heptamer has six, and octamer has eight pair interactions stronger 
than in dimer, confirming that pentamers to octamers have 
stronger inter-peptide interactions than tetramers. Thus, in order to 
form stable helical multimers, pentamers to octamers need to 
rearrange in such a way that the pair interactions between 
neighboring monomers could be enhanced by maximizing their 
hydrophobic interactions on one hand, and water molecules would 
be squeezed from the NAC regions efficiently on the other hand. As 
a result, the number of possible pair interactions is greatly reduced. 
For instance, theoretically, an octamer should have twenty-eight 
pair interactions between its eight NAC motifs, but only eight pair 
interaction energies varying from -45 to -66 kcal/mol were 
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identified, and only weak interaction (~-8 kcal/mol) was found 
between two non-adjacent monomers (Fig. 5A). Another feature of 
these pair interactions is the great fluctuation in their strength, 
which is more pronounced in large multimers including pentamer to 
octamer. For example, the pair interaction energies vary from -17 
kcal/mol to -69 kcal/mol in the helical octamer. The effect of these 
interactions on the shape of helical multimers before and after 
simulations is shown in Fig. 1. 
 
 
Fig. 5. Pair interaction energies (in kcal/mol) among all NAC regions (A) and all 
full-length monomers (B) in different WT multimers. Interaction energies 
(absolute values) less than 7 kcal/mol in (A) and 94 kcal/mol in (B) were not 
shown. The pair interactions between monomers stronger or comparable than 
dimer are highlighted in shaded rectangles (B). 
 
The presence of both terminal regions modulates the pair 
interactions between different monomers of helical multimers (Fig. 
5B). Compared to the pair interactions in dimer, except for tetramer, 
all the other multimers show at least one enhanced pair 
interactions between adjacent monomers. Specifically, trimer and 
pentamer each has one, and hexamer to octamer each has two 
stronger pair interactions. Interactions involving both termini also 
shift the relative interaction strength between different monomers. 
In the absence of both termini, for example, monomers A and D 
display the strongest pair interactions in the tetramer (Fig. 5B), 
whereas in the presence of both termini, monomers B and C show 
the strongest pair interactions in the same tetramer (Fig. 5B). In 
addition, more weak interactions between non-adjacent monomers 
were induced primarily by the fluctuating C-termini (residues 96–
140) because residues 3–44 of each N-terminus (residue 1–60) form 
one α-helix segment. The presence of the flexible C-terminus could 
optimise helical stabilities as shown in our previous study.44 
However, interactions involving both termini do not reduce the 
significant fluctuations of the pair interaction energies in all helical 
multimers, suggesting that multimers could not maintain specific 
shapes. Similar results were also obtained for the helical mutants 
(Fig. S18 in ESI†). The dynamic nature of helical multimers may 
explain why they are not suitable for crystallization.45 
Helical αS tetramer weakly interacts with negatively charged 
membrane. Aberrant interaction with biological membranes has 
been associated with the pathology of PD,46 particularly αS 
oligomers.29 A recent report on the interactions of engineered αS 
oligomers with negatively charged lipids showed that all oligomers 
remain disordered and the helical structure decreases when the 
oligomer size increases.30 Different from aggregation-prone 
oligomers, helical multimers resist aggregation and so it is 
interesting to examine the interaction of helical αS multimers with 
membrane. Here, we investigated the dynamics of helical tetramer 
on the surface of POPS lipid bilayer. In one simulation, the tetramer 
was initially placed far away from the membrane surface (15 Å), and 
no contact with membrane was observed over 200-ns MD 
simulations (Fig. S19 ESI†). In the second simulation, the tetramer is 
placed 5 Å away from the membrane surface and makes some weak 




Fig. 6.  Interactions of helical αS tetramer with POPS lipid bilayer. (A) Initial 
conformation of αS tetramer on membrane surface with a minimal distance of 5 
Å. (B) Conformation of αS tetramer on membrane surface after 50 ns. (C) 
Conformation of αS tetramer on membrane surface at 200 ns. (D) Residues of 
tetramer that directly interact with membrane at 200 ns. The tetramer is shown 
in cartoon representation, with residues colored by type (basic: blue; acidic: red; 
polar: green; nonpolar: white). 
 
The tetramer gradually changed its orientation from parallel to 
nearly perpendicular to the membrane surface and maintained the 
same orientation for at least 100 ns. A few charged residues in the 
loop region, including Lys43, Lys45 and Glu46, were observed to 
directly interact with lipid heads, mostly due to electrostatic 
interactions. The burial of hydrophobic NAC regions within the 
tetramer and the electrostatic repulsion between the negatively 
charged C-terminals of αS and negatively charged lipid head groups 
may contribute to the weak interactions between helical tetramer 
and POPS membrane. Taken together, our extensive simulations in 
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bulk water and preliminary simulations bound to membrane, imply 
that the helical tetramer may tend to leave the membrane and stay 
relatively stable in solution. It is well-known that interaction with 
membrane help stabilize synuclein α-helical structure47 and may 
even drive multimerization.48 Our results here provide support the 
hypothesis of a dynamic equilibrium of αS between cytosol and 
membrane: αS helical tetramer assembled on membrane surface 
could release from membrane and resist aggregation in the 
cytosol.49 On the other hand, destabilization of helical multimers 
could cause abnormal membrane interactions and neurotoxicity.9   
Conclusions 
Understanding the molecular mechanism behind the assembly 
and stability of helical tetramers has therapeutic potential. Since 
helical αS tetramers resist aggregation, the shift from tetramers to 
monomers has been suggested as a possible pathology for the 
initiation of PD.7, 9 Our data predicts that assembly of soluble 
multimers works most efficiently for the helical tetramer as water 
molecules are efficiently expelled to maximize hydrophobic 
contacts between monomers. Helical dimers and trimers are too 
hydrated whereas pentamers to octamers exhibit large fluctuations 
in their monomer packing modes. In addition to tetramers, the 
formation of other multimer sizes are confirmed by their 
thermodynamic stability and binding affinity, but their assembly 
might be kinetically unfavorable due to the presence of multiple 
higher energy barriers. Both WT and mutant helical tetramers 
display the lowest activation energy, providing a rationale for the 
experimental observation that the helical tetramers are the most 
populated multimers.5, 6 We find also that slight change in the 
hydrophobic packing of helical structures could greatly destabilize 
mutated tetramers and create much higher energy barriers for 
tetramerization, which is a possible (and potentially drug-
targettable) route by which mutations destabilize tetramers.5, 7 The 
helical tetramer weakly interacts with negatively charged 
membrane, suggesting low membrane-toxicity. Future work could 
focus on other models that could present during experiments, for 
example, oligomers co-assembled with other biological peptides 
and oligomers exhibiting head-to-tail packing mofits30 both in 
solution and on a range of different biological surfaces. 
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The stability of oligomers linearly increases from dimers to octamers, but assembly of oligomers 
larger than tetramers requires high activation energies. 
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